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Abstract: We study the hierarchy of quark masses and mixings in a model based on
a 5-dimensional spacetime with constant curvature of Randall-Sundrum type with two
branes, where the Electroweak Symmetry Breaking is caused dynamically by the conden-
sation of a 4th generation of quarks, due to underlying physics from the 5D bulk and the
first KK gluons. We first study the hierarchy of quark masses and mixings that can be
obtained from purely adjusting the profile localizations, finding that realistic masses are
not reproduced unless non trivial hierarchies of underlying 4-fermion interactions from the
bulk are included. Then we study global U(1) symmetries that can be imposed in order to
obtain non-symmetric modified Fritzsch-like textures in the mass matrices that reproduce
reasonably well quark masses and CKM mixings.
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1 Introduction
One of the outstanding unresolved issues in Particle Physics is the origin of the masses
of fundamental fermions. The current theory of strong and electroweak interactions, the
Standard Model (SM), has proven to be remarkably successful in passing all experimental
tests [1]. However, many people consider it to be just an effective framework of a yet
unknown more fundamental theory, for several reasons. One of them is the hierarchy
problem that arises from the quadratic divergence of the Higgs mass, indicating that there
must be a so far unknown underlying physics in the gauge symmetry breaking mechanism.
Another reason, related to the previous one, is the lack of an explanation for the large
hierarchy of the fermion masses, which spread over a range of five orders of magnitude
in the quark sector, and a dramatically broader range if we include the neutrinos. The
origin of quark mixing and the size of CP violation in this sector is also a related issue. A
fundamental theory, one expects, should have a dynamical explanation for the masses and
mixings. Even though in the SM these parameters appear only through Yukawa interaction
terms and not in explicit mass terms, this mechanism does not really provide an explanation
for their values but only translates the problem to fitting different Yukawa couplings, one
for each mass and with just as disparate values.
Several proposals to infer the pattern of fermion masses and mixings exist [2–13],
based on extended symmetries in the context of Two Higgs Doublets, Grand Unification,
Extra Dimensions, Superstrings, Technicolor or N copies of the SM, each of which generate
specific textures for the fermion masses. One clear and outstanding feature in the pattern
of quark masses is that they increase from one generation to the next, and that the mixings
from the first to the second and to the third family are in decreasing order [1–4].
Here we want to study the hierarchy of quark masses and mixings, using a specific
framework of Electroweak Symmetry Breaking (EWSB) that has been recently proposed
by Burdman and Da Rold (BDR) [14], which is based on a 5-D spacetime with constant
curvature of a Randall-Sundrum type [15] with two branes, where the hierarchy problem
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is naturally solved by exponential factors that appear in the reduction to a 4-dimensional
theory, due to the 5-D space curvature. The BDR model does not include a fundamental
Higgs, but breaks the symmetry dynamically due to the condensation of a 4th generation of
quarks. The quark masses also appear as a consequence of condensation, and their values
are modulated by the localization of the fermion zero mode profiles in the 5th dimension.
In this framework, it would be useful to know whether the values of fermion masses
appear just due to the localization of the profiles without further reference to the under-
lying physics, or whether additional ingredients are required. Here we have explored this
possibility and found that the constraints determined by the profiles alone are not enough
to build the fermion mass hierarchy, but details of the underlying physics in the bulk of
the 5-D spacetime are necessary as well.
In this model of dynamical symmetry breaking, the requirement of condensation im-
plies large effective couplings, which in turn results in large masses. To agree with current
data including high precision tests, both quarks in the 4th generation doublet must be
heavy (the mT −mB splitting should not exceed ∼ 100 GeV) [16–18]. The scenario where
only T quark condenses results in an unacceptably large mT −mB splitting, consequently
both T and B quarks must condense. Within this framework, we study the hierarchy of
quark masses and mixings for different effective bulk interaction coefficients, freely scanning
over a range around their naive values. After finding some hierarchies among the effec-
tive coefficients and showing that their naive values do not reproduce acceptable masses,
we study the inclusion global U(1) symmetries in the effective operators that imply the
textures in the quark matrices that give reasonable masses and mixings.
The content of this paper is organized as follows. In Section 2 we briefly describe the
general features of this 5D scenario of dynamical EWSB and generation of quark masses.
In Section 3 we show the results of free numerical explorations, first considering adjustment
of profiles only, and then including some hierarchy coming from underlying interactions in
the bulk. In Section 4 we derive textures for the quark mass matrices from global U(1)
symmetries in the interaction operators. In Section 5 we state our conclusions.
2 The model
We consider the RS1 model based on a warped extra dimension compactified on an S1/Z2
orbifold, which corresponds to the interval [0, piR], and with a metric of anti-de Sitter (AdS)
type given by [15]:
ds2 = e−2kyηµνdxµdxν + dy2. (2.1)
Here ηµν = diag (−1, 1, 1, 1) is the four-dimensional Minkowski metric and k the AdS
curvature. Since the Planck mass MP ∼ 1019 GeV is the fundamental scale, a natural
theory should have k ∼ MP . The TeV scale can be generated at the brane located at
y = piR if the compactification radius R is such that ke−pikR = 1 TeV, which in turn means
kR ≃ 12, also a rather natural number. The electroweak gauge symmetry in the bulk has to
be extended to SU (2)L×SU (2)R×U (1)B−L in order to avoid a too large violation of the
custodial symmetry caused by U(1)Y KK modes [19–23]. The model we study [14] is based
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on the gauge symmetry given above, with four generations of fermions that propagate in
the 5-dimensional bulk. We restrict our study to the quark sector. Boundary conditions
at the y = 0 and y = piR branes determine a KK tower of modes, of which the zero modes
are assumed to be the SM fields in 4-D. Since there is no chirality in 5 dimensions, the
left- and right-handed fermions in 4-D correspond to zero modes of different fields in the
bulk, conventionally called ΨR and ΨL, which obey the conditions ΨR,L = ±γ5ΨR,L. The
masses of the zero modes in 4-D appear when the electroweak symmetry is spontaneously
broken, as in the SM. However in this model the Higgs field is not fundamental but only
an effective low-energy field, and the electroweak symmetry is broken by the condensation
of the 4th generation quarks. Our goal is to see whether a realistic spectrum of quark
masses and mixing parameters can be obtained just by adjustment of profiles in the 5th
dimension, or further ingredients from underlying physics in the bulk are necessary.
Fermion fields in the bulk of 5D space, generically denoted as Ψ(x, y), obey an action
of the form:
S
(Ψ)
5 =
∫
d4x
∫ piR
0
dy
√−g
(
iΨΓM∇MΨ+ imΨΨΨ+ C
ijkl
M35
Ψ
i
LΨ
j
RΨ
k
RΨ
l
L
)
, (2.2)
where capital indices run over the five coordinates, ΓM = (ekyγµ, γ5) are the Gamma
matrices in the 5D curved spacetime and ∇M is the covariant derivative that includes the
interaction with the gauge fields. The fermion masses in 5-D have natural values of the
order of the Planck mass:
mΨ = k dΨ, (2.3)
where k is the AdS curvature and dΨ are parameters of order unity. These parameters
will determine the localization of the fermion profiles along the 5th dimension. The masses
of fermions in the TeV brane (the observable 4D space) will be a consequence of this
localization after electroweak symmetry breakdown. M5 is the 5-D Planck mass, which is
related to MP , the Planck mass in 4-D, through the following relation:
M2P =
M35
k
(
1− e−2pikR
)
. (2.4)
Since the exponential term is highly suppressed, M5, MP and k are all of the same order
of magnitude.
The last term in Eq. (2.2) is an effective 4-fermion term that is assumed to arise from
underlying interactions in the 5-D bulk below the Planck scale; the effective coefficients
Cijkl run over all flavors in a way that respect the electroweak gauge symmetry, and have
values that can be estimated by naive dimensional analysis (NDA).
The NDA estimate of the coefficients in a low energy effective theory consists, in
general, in requiring that the 4-fermion effective operator should have a coefficient at tree
level, Cijkl/Λ3, of the same magnitude as its 1-loop contribution at the cutoff scale Λ (in
this case, Λ = M5). Since the 1-loop contribution has two vertices (in this case), it is
quadratic in the effective coefficient, while the tree level term is linear, and consequently
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the relation for the coefficient is non-trivial. The naive estimate of the loop integral includes
the mass dimensions as well as the factors of 2pi:
C
Λ3
∼
(
C
Λ3
)2
N
∫ Λ d5k
(2pi)5
(
1
k
)2
,
with N ∼ 80 being the number of fermions in the theory that run inside the loop. Doing
the cutoff integral and solving for C one obtains C ∼ 36pi3/N .
Fermion and gauge boson fields can be expanded in their respective KK modes as
follows:
ΨL,R (x, y) =
∞∑
n=0
Ψ
(n)
L,R (x) f
(n)
L,R (y) ,
Aaµ (x, y) =
∞∑
n=0
A(n)µ (x)χ
(n) (y) , (2.5)
where their profiles in the 5th dimension are respectively given by [23]:
f
(n)
L,R (y) =

√
k(1−2dL,R)
e(1−2dL,R)kpiR−1
e(2−dL,R)ky , n = 0
N
(n)
ΨL,R
e
5
2
ky
[
J±dL,R± 12
(
m
(n)
Ψ
k
eky
)
+ α
(n)
ΨL,R
Y±dL,R± 12
(
m
(n)
Ψ
k
eky
)]
, n > 0,
(2.6)
χ(n) (y) =

1√
piR
, n = 0
N
(n)
A e
ky
[
J1
(
m
(n)
A
k
eky
)
+ α
(n)
A Y1
(
m
(n)
A
k
eky
)]
, n > 0.
(2.7)
Here χ(n) (y) are given for the gauge A5 = 0. The functions Jρ, Yρ are first and second
kind Bessel functions, respectively and N
(n)
ΨL,R
, N
(n)
A are normalization constants computed
from the following orthonormality relations:∫ piR
0
dye−3kyf (n)L,R (y) f
(m)
L,R (y) = δnm,
∫ piR
0
dyχ(n) (y)χ(m) (y) = δnm (2.8)
and the coefficients α
(n)
ΨL,R
and α
(n)
A are determined by the boundary conditions on the
branes, resulting in the following relations:
α
(n)
ΨL,R
= −
J±dL,R± 12
(
m
(n)
Ψ
k
)
Y±dL,R± 12
(
m
(n)
Ψ
k
) = −J±dL,R± 12
(
m
(n)
Ψ
k
epikR
)
Y±dL,R± 12
(
m
(n)
Ψ
k
epikR
) , (2.9)
α
(n)
A = −
J0
(
m
(n)
A
k
)
Y0
(
m
(n)
A
k
) = −J0
(
m
(n)
A
k
epikR
)
Y0
(
m
(n)
A
k
epikR
) . (2.10)
In turn, these relations determine the masses m
(n)
Ψ and m
(n)
A of the non zero modes. These
modes correspond to heavy particles beyond the spectrum of the Standard Model (SM).
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On the other hand, the zero modes, which are identified with the SM fermions remain
massless at this level and become massive only after EWSB.
In the model under consideration, EWSB is caused dynamically by condensation of the
4th generation T and B quarks. The composite scalar sector generated by this condensation
pattern corresponds to that of a Two Higgs Doublet Model (2HDM). Fourth generation
leptons have to be added as well in order to avoid gauge anomalies [24], but since they are
color singlets, they are assumed not to experience condensation.
The dynamical masses of the 4th generation T and B quarks are related to the sym-
metry breaking scale v = 246 GeV through the following Pagels-Stokar relation:
v2 =
NC
8pi2
[
m2T ln
(
M2KK
m2T
)
+m2B ln
(
M2KK
m2B
)]
. (2.11)
where NC = 3 is the number of colors andMKK is the mass of the first Kaluza-Klein gluon.
Here we use MKK = 2.4 TeV, which is obtained from Eq. (2.10) requiring that kR ∼ 12.
The masses of the 4th generation T and B quarks are constrained by electroweak precision
tests. The minimal contribution to the oblique parameters Ŝ and T̂ leads to a splitting
mT −mB . 100 GeV [16–18]. Since the size of quark masses are related to the strength of
the interaction that causes the condensation, the scenario where only T quark condenses
results in mT −mB splittings much larger than the value cited above. Consequently both T
and B quarks must condense. In our numerical exploration we will fix mT −mB = 55 GeV,
as in Ref. [16]. By combining this choice with the Pagels-Stokar relation in Eq. (2.11), it
follows that our 4th generation quark masses are mT = 528 GeV and mB = 473 GeV.
The interaction responsible for the condensation of the T and B quarks is assumed to
be a combination of an effective 4-fermion interaction arising from the bulk [last term in
Eq. (2.2)] and a similar interaction arising from the exchange of the first KK gluons.
Let us now describe the condensation mechanism. The full effective interaction that
causes the T and B condensation is obtained after integrating the effective 4-fermion in-
teraction terms in the action over the 5th coordinate, y. These effective terms arise from
underlying interactions in the bulk of 5-D spacetime as well as from the exchange of the
first KK gluons (we assume heavier KK gluon terms are comparatively smaller). The inte-
gration over y generates effective couplings in 4-D that depend on the profile localization
parameters dΨ [see Eq. (2.3)]. The resulting expression for the 4-T and 4-B interaction is:
Lψ4 =
CTTTT
M2P
f
(T )
TT
[
TL(x)TR(x)
] [
TR(x)TL(x)
]
+
CBBBB
M2P
f
(B)
BB
[
BL(x)BR(x)
] [
BR(x)BL(x)
]
− g
L
T g
R
T
M2KK
[
TL(x)γµ
λa
2
TL(x)
] [
TR(x)γ
µλ
a
2
TR(x)
]
− g
L
Bg
R
B
M2KK
[
BL(x)γµ
λa
2
BL(x)
] [
BR(x)γ
µλ
a
2
BR(x)
]
+ . . . , (2.12)
where the ellipsis refer to other 4-quark terms. Here λa are the Gell Mann matrices, the
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coefficients f
(Q)
QQ (Q = T,B) are obtained after the y-integration over the profiles:
f
(Q)
QQ =
(1− 2dQL) (1− 2dQR)
(
1− e−2pikR) [e(4−2dQL−2dQR)kpiR − 1]
2 (2− dQL − dQR)
[
e(1−2dQL)kpiR − 1
] [
e(1−2dQR)kpiR − 1
] , (2.13)
and, similarly, gL,RT and g
L,R
B are the left-/right-handed effective couplings of the T and B
quarks to the first KK gluon:
gL,RQ = gs
(
1− 2dQL,R
)
k
√
piR
e(1−2dQL)kpiR − 1
∫ piR
0
dy e
(
1−2dQL,R
)
ky
χ(1) (y) , Q = T,B, (2.14)
where gs is the QCD coupling. By performing a Fierz rearrangement in Eq. (2.12), the
effective four-fermion interaction Lagrangian responsible for the condensation of T and B
quarks can be rewritten as follows:
Lψ4 =
g2T
M2KK
[
TLTR
] [
TRTL
]
+
g2B
M2KK
[
BLBR
] [
BRBL
]
+O(1/Nc) + . . . . (2.15)
Here we have omitted crossed terms of the form
[
TLTR
] [
BRBL
]
+ h.c., as they will be
forbidden by the U(1) symmetries we will impose (see section 4). Besides that, we have
defined the effective coupling g2Q as:
g2Q = g
L
Qg
R
Q + C
QQQQf
(Q)
QQ
M2KK
M2P
, Q = T,B. (2.16)
Considering Eq. (2.15) as an effective interaction below the scale MKK , the condensates〈
0|TLTR|0
〉 6= 0 and 〈0|BLBR|0〉 6= 0 form when the couplings gT and gB , respectively,
satisfy the condition [25]:
g2T , g
2
B >
8pi2
NC
. (2.17)
These couplings become strong due to the presence of bulk interactions, formulated in
terms of the effective couplings Cijkl in Eq. (2.2), and to the strength of the fermion cou-
plings to the first KK gluon shown in Eq. (2.14), both of which depend on the localization
of the profiles in the fifth dimension, dQL and dQR (Q = T,B). The appearance of these
condensates spontaneously breaks the gauge symmetry, and generates dynamical masses
for the quarks that condense. In this case, two composite Higgses appear with non van-
ishing vacuum expectation values, resulting in the breaking of the Electroweak Symmetry
and in the subsequent generation of quark masses. Specifically, the dynamical masses of
the condensing quarks are related to the condensates:
mT = −g2T
〈TLTR〉
M2KK
, mB = −g2B
〈BLBR〉
M2KK
. (2.18)
Using MKK = 2.4 TeV (see above) and taking Eq. (2.17) into account, a good numerical
approximation for these relations is
〈
TLTR
〉
= −κm3T and
〈
BLBR
〉
= −κm3B, where κ is a
number of order O(1) [14]. Here we use κ ≃ 0.8, which is consistent with both condensation
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conditions in Eq. (2.17). Now, concerning the masses of the first three generations of
quarks, we turn to the effective 4-fermion operators that contain just a TT or a BB pair:
LΨ4 = CijTT
f
(T )
ij
M2P
[
TLTR
]
[q¯iRqjL] + C
ijBB
f
(B)
ij
M2P
[
BLBR
]
[q¯iRqjL] + . . . (2.19)
where the coefficients f
(Q)
ij (Q = T,B) arise from the integrals of the profiles over y, and
are given by
f
(Q)
ij =
exp {(4− diL − djR − dQL − dQR) kpiR} − 1
4− diL − djR − dQL − dQR
(2.20)
×
√
(1− 2diL) (1− 2djR)
[exp {(1− 2diL) kpiR} − 1] [exp {(1− 2djR) kpiR} − 1]
×
√
(1− 2dQL) (1− 2dQR)
[exp {(1− 2dQL) kpiR} − 1] [exp {(1− 2dQR) kpiR} − 1]
×
(
1− e−2pikR
)
. (2.21)
Here the indices i, j run over the quark flavors, either u, c, t for the up sector or d, s, b for
the down sector.
After condensation, these interactions generate the quark mass matrices for the first 3
generations:
Mij = C
ijTT
f
(T )
ij
M2P
κ m3T + C
ijBB
f
(B)
ij
M2P
κ m3B . (2.22)
On the other hand, the coefficients Cijkl, introduced already in Eq. (2.2), are effective
parameters related to underlying interactions in the bulk of 5-D; in naive dimensional
analysis, these coefficients have a value ∼ 36pi3/N , where N is the number of fermions in
the theory.
In the next sections we do numerical analyses to study the conditions under which these
quark mass matrices can reproduce the measured values of quark masses and mixings. First
we do a general scanning of the Cijkl parameters that reproduce the physical masses and
then we look for U(1) symmetries that impose specific textures on the mass matrices.
3 Quark mass hierarchy and non-universality of 4-fermion interactions
After condensation of the 4th generation of quarks, the mass matrices for the first three
generations take the form given in Eq. (2.22). We will show that if all the coefficients CijTT
and CijBB are equal, as assumed in a naive dimensional analysis, these mass matrices can-
not reproduce realistic values for the quark masses. The generation mixing implied in Eq.
(2.22) makes these matrices too singular. Consequently, by fitting the heavy eigenvalues to
the 3rd generation, the prediction for the first two generations turns out to be unacceptably
small.
– 7 –
The mass matrices Mu andMd (up and down sector, respectively) can be diagonalized
by a bi-unitary transformation
M qD = V
q
LM
qV q†R , q = u, d, (3.1)
where V qL,R are unitary matrices. We know that the determinant of the mass matrices
satisfies |detM q| = |detM qD|. Let us take Md as an example. For this matrix
detMdD = mdmsmb ≈ 4.6× 10−4 GeV3, (3.2)
thus any Md matrix that correctly reproduces the quark masses must satisfy this approx-
imate condition.
Now we proceed to do a numerical study of the space of localization parameters,
dqL and dqR , in order to find realistic solutions for the quark masses, keeping the bulk
coefficients CijQQ (Q = T,B) equal to their naive value. We first search for the parameter
space which correctly fits the value of the bottom quark mass, taken to be mb ≈ 2.9 GeV.
In order to reduce the parameter space in the calculation, we restrict our search to two
limiting scenarios [26]. Scenario 1: left-right symmetry in the localization parameters, i.e.
diL = diR (i = d, s, b) and Scenario 2: all left handed localization parameters are fixed
at the point diL = 1/2 (i = d, s, b); this is the point at which the profiles are flat, i.e.
not localized towards either brane. In both of these scenarios the bottom quark mass is
computed by varying the right-handed localization profiles in the following ranges
0 ≤ dbR ≤ 0.9, 0.5 ≤ ddR , dsR ≤ 1.5.
For the parameter space described above, good fits for the bottom quark mass are obtained
when its right-handed profile parameter lies in the ranges
0.54 < dbR , (Scenario 1),
0.57 < dbR , (Scenario 2).
(3.3)
Since the mass matrices in Eq. (2.22) approach a singular structure when all CijQQ
are equal, (= 36pi3/N , see previous Section), we look for matrices Md that successfully
account for the correct value of the bottom quark mass (i.e. we limit dbR to the ranges
given in Eq. 3.3), and at the same time give maximal values for the determinant [see Eq.
(3.2)]. We found that in both Scenarios the maximum of the determinant is a decreasing
function of dbR , consequently the largest determinant values are found at the lowest dbR
values, namely dbR = 0.54 and dbR = 0.57, for the aforementioned scenarios, respectively.
The corresponding determinants at these points are:
1.2× 10−9 GeV3, (Scenario 1),
2.9 × 10−11 GeV3, (Scenario 2).
These results are 5 and 7 orders of magnitude below the required value detMd ≈ 4.6×
10−4 GeV3, respectively. This means, for example, that if we would correctly reproduce
the strange and bottom quark masses, at best we will get a down quark mass 5 orders of
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magnitude below its real value, md ≈ 1− 5 MeV (at the MZ scale). We therefore conclude
that it is not possible to reproduce a realistic spectrum of quark masses by adjusting the
profiles only, keeping all CijQQ coefficients equal. We should recall that these are effective
coefficients coming from the underlying physics in the 5-D bulk.
We now proceed to study whether there are non-trivial hierarchies in the CijQQ coef-
ficients that, together with the adjustment of profiles, can lead to realistic predictions for
quark masses and mixings.
We try the following hierarchy parametrization for the CijQQ coefficients:
CijQQ ≈ 36pi3/N ×
{
1, i = j,
Cij, i 6= j, (3.4)
where i, j = 1, 2, 3 and Cij are expected to be of order O(1) or possibly lower.
Quark flavour Mass mq Left profile dqL Right profile dqR
u 1.27 MeV 0.605 0.712
d 2.9 MeV 0.605 0.629
c 619 MeV 0.514 0.405
s 55 MeV 0.514 0.689
t 172 GeV −1.117 0.631
b 2.89 GeV −1.117 0.689
T 528 GeV 0.0783 0.209
B 473 GeV 0.0783 0.109
Table 1. Quark profile values that reproduce the given quark masses and the best fit for the
magnitudes of the CKM mixing elements. The corresponding Cij coefficients obtained in this fit
are C12 = 0.008, C13 = 0.486, C21 = 0.217, C23 = 0.596, C31 = 0.731 and C23 = 0.451.
CKM matrix element Obtained Value Experimental Value∣∣Vud∣∣ 0.974 0.97426 ± 0.00030∣∣Vus∣∣ 0.225 0.22545 ± 0.00095∣∣Vub∣∣ 0.00402 0.00356+0.00015−0.00020∣∣Vcd∣∣ 0.225 0.22529 ± 0.00077∣∣Vcs∣∣ 0.973 0.973416+0.00021−0.00018∣∣Vcb∣∣ 0.0486 0.0493+0.00075−0.00528∣∣Vtd∣∣ 0.00700 0.00861+0.00021−0.00037∣∣Vts∣∣ 0.0482 0.040681+0.00043−0.00138∣∣Vtb∣∣ 0.999 0.999135+0.000057−0.000018
Table 2. Obtained and experimental values of the magnitudes of the CKM matrix elements.
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In this new study we consider the quark mass matrices for both the “up” and “down”
sectors. We want to find the sets of values for the above Cij coefficients that correctly
reproduce the quark mass spectrum for some localization of the profiles. We scan over the
Cij coefficients, looking for those that give correct eigenvalues for the quark mass matrices.
However, it is not enough to fix Cij values to get unique mass eigenvalues: for the first
three generations we have 9 localization parameters, 6 corresponding to the right handed
quarks and 3 to the left handed quarks. Notice that the SU(2)L symmetry restricts the
left handed localizations of “up” and “down” type quarks of a given family to be equal,
i.e. duL = ddL , dcL = dsL , dtL = dbL . Since we need to fit 6 masses, there are still 3
localization parameters to be chosen at will, which we take to be duL , dcL and dtL . Then,
our procedure goes as follows: we scan over the Cij and the dqL and, at each step, we
check for the existence of a solution of the mass eigenvalue equation that reproduces the
correct quark masses. We find that there are Cij values that do lead to correct solutions
for the masses, while other values do not. The parameters Cij and dqL are scanned over
the following ranges:
0 ≤ Cij ≤ 1,
0.5 ≤ duL ≤ 0.8, (3.5)
0.5 ≤ dcL ≤ 0.8,
−2 ≤ dtL ≤ 0.5.
The quark masses we use as reference in our fits, taken at theMZ scale [27], are shown
in Table 1.
We found that approximately 15% of the scanned range correctly reproduces all quark
masses. Among these solutions, the one shown in Table 1 produces the best agreement
with the experimental values of the magnitudes of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. Table 2 shows the magnitudes of the CKM elements we obtain at the parameter
point just indicated.
This solution exhibits just a moderate hierarchy among the values of the Cij coeffi-
cients: C12 = 0.008, C13 = 0.486, C21 = 0.217, C23 = 0.596, C31 = 0.731 and C23 = 0.451.
The main conclusion of this analysis is that some level of detail of the CijQQ coefficients
coming from the underlying physics in the 5D bulk is necessary to reproduce the hierarchy
of the known quark masses.
4 Quark masses and mixings from textures in the bulk
As we have seen in the previous section, the BDR model based on a condensing 4th gen-
eration of quarks does not provide a successful prediction for the SM quark masses when
all CijQQ coefficients are assumed to be equal. This assumption on the CijQQ leads to
extremely low values for the first and second generation quark masses, if one adjusts the
parameters to fit the top and bottom masses. We also found that this problem is solved
when a hierarchy among the CijQQ is introduced. This hierarchy must originate from the
underlying physics in the 5-D bulk and, although rather mild, it seems to be required, in
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addition to the localization of the fermion profiles, in order to explain the observed quark
mass and mixing pattern. So far we do not have an explanation for the required hierarchy.
In this section we want to explore possible symmetries that could impose textures in
the CijQQ coefficients. In what follows, we assume each of the Cijkl to equal C, or zero if
there is a symmetry that forbids it. Now let us try to impose such symmetries.
We require that the 4-fermion interaction Lagrangian be invariant under the following
U(1) transformations:(
ui
di
)
L
→ eiαi
(
ui
di
)
L
, (ui)R → eiβi (ui)R , (di)R → eiβi (di)R , i = 1, 2, 3 (4.1)
(
T
B
)
L
→ eiα4
(
T
B
)
L
, TR → eiβ4TR, BR → eiλ4BR, β4 6= λ4, (4.2)
where all the phases αi and βi (i = 1, 2, 3) are different in general, but obeying the following
restrictions:
α4−β4 = α1−β1 = α2−β3 = α3−β2, α4−λ4 = α1−β2 = α2−β1 = α3−β3. (4.3)
Now we can see that the condition β4 6= λ4 forbids the mixing terms mentioned below Eq.
(2.15).
Since the 4-fermion interaction Lagrangian should be invariant under the aforemen-
tioned U(1) transformations, the following non-symmetric modified Fritzsch-like textures
for the “up” and “down” type SM quarks are obtained:
Mu =
Cκ
M2P
 f
(T )
uu m3T f
(B)
uc m3B 0
f
(B)
cu m3B 0 f
(T )
ct m
3
T
0 f
(T )
tc m
3
T f
(B)
tt m
3
B
 ,
Md =
Cκ
M2P
 f
(T )
dd m
3
T f
(B)
ds m
3
B 0
f
(B)
sd m
3
B 0 f
(T )
sb m
3
T
0 f
(T )
bb m
3
T f
(B)
bb m
3
B
 . (4.4)
Certainly at present there is no fundamental justification for these U(1) symmetries,
so they can be seen just as translations of the problem of textures. However they provide
a better frame to organize the textures and discover patterns and corrections in the mass
and mixing matrices.
Now we proceed to scan over the profile parameters of the first 3 generation quarks,
looking for the points that best reproduce their physical masses. As before, we use the
quark masses at theMZ scale as reference values [27], which are shown in Table 3. Recalling
that the SU(2)L symmetry restricts the left handed profile parameters of up- and down-
type quarks of a given family to be equal (duL = ddL , etc.), and for parameters d > 1/2
or d < 1/2 the localization goes towards the Planck brane or the TeV brane, respectively,
we scan these parameters over the range −1 ≤ dqL , dqR ≤ 1, except for the left-handed 3rd
generation, where we use −1.5 ≤ dtL ≤ 1.
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We scanned over this parameter space, trying to find points where the mass eigenvalues
as well as the magnitudes of the CKM mixing elements fit the respective experimental
values. The fitted profile parameters as well as the quark masses are shown in Table 3,
while the fitted CKM magnitudes are shown in Table 4. As a consistency check, we have
also verified that, for the quark profile parameters given in Table 3, the third generation
quarks do not condense. The obtained quark masses are in excellent agreement with their
corresponding reference values at the MZ scale with the exception of the first generation
(u and d quarks) which turn out to be larger by a factor ∼ 5, an acceptable error given
the large theoretical uncertainties involved in the light quark masses. In spite of this
discrepancy, this result represents an improvement over the original scenario, where all
Cijkl are taken at their naive value, which predicts first generation quark masses several
orders of magnitude too small. This result coincides with the conclusion of the previous
section, in the sense that details of the underlying physics in 5-D are crucial to reproduce
the observed low energy phenomenology.
Quark flavour Left profile dqL Right profile dqR Obtained mass mq Reference mass mq
u 0.479 0.265 5.4 MeV 1.27+0.50−0.42 MeV
d 0.479 0.602 12.4 MeV 2.9± 1.2 MeV
c 0.025 0.665 626 MeV 619 ± 84 MeV
s 0.025 0.745 55.1 MeV 55± 15 MeV
t −1.43 0.772 181 GeV 172 ± 3 GeV
b −1.43 0.739 3.05 GeV 2.89 ± 0.09 GeV
T 0.0783 0.209 528 GeV
B 0.0783 0.109 473 GeV
Table 3. Quark profile values with the obtained and reference values of quark masses at the MZ
scale.
Table 4 shows the magnitudes of the CKM matrix elements we obtain in our parameter
fit, together with their current experimental values [28]. As shown in the Table, |Vud|, |Vus|,
|Vcd|, |Vcs| and |Vtb| are in excellent agreement with the experimental data, |Vub| and |Vtd|
are around 40% larger and 30% smaller, respectively, than their experimental values, and
finally |Vcb| and |Vts| are one and two orders of magnitude lower, respectively. However,
besides the specific values of the CKM elements, it is important to study their sensitivity
to changes in the profile parameters, in order to verify whether their values arise naturally
or accidentally. We actually found that the mixing of the first two generations, namely
Vus and Vcd, is highly sensitive to the profiles: for example, a change of ∼ 20% in duL can
cause a decrease in Vus from ∼ 0.2 to values below 10−2. This strong sensitivity is due to
the exponential dependence of the quark mass matrix elements on the profile localization
parameters. This high sensitivity shows that the model, although able to fit the masses
rather well, is not a good predictor for the mixing angles.
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CKM matrix element Obtained Value Experimental Value∣∣Vud∣∣ 0.974 0.97426 ± 0.00030∣∣Vus∣∣ 0.225 0.22545 ± 0.00095∣∣Vub∣∣ 0.00594 0.00356+0.00015−0.00020∣∣Vcd∣∣ 0.225 0.22529 ± 0.00077∣∣Vcs∣∣ 0.974 0.973416+0.00021−0.00018∣∣Vcb∣∣ 0.0011 0.0493+0.00075−0.00528∣∣Vtd∣∣ 0.00602 0.00861+0.00021−0.00037∣∣Vts∣∣ 0.000293 0.040681+0.00043−0.00138∣∣Vtb∣∣ 0.999 0.999135+0.000057−0.000018
Table 4. Obtained and experimental values of the magnitudes of the CKM matrix elements.
5 Conclusions
In this paper we have investigated the hierarchy of quark masses and mixings in a model
based on a 5-dimensional spacetime with constant curvature of Randall-Sundrum type with
two branes, where electroweak symmetry breaking is triggered at the TeV brane by the
condensation of a 4th generation. In this framework where the Standard Model fields and
the 4th generation quarks are identified with the quark zero modes, their masses arise
from the 4th generation T and B quark condensates. The condensates are originated from
the strong couplings of the corresponding quarks with the first KK excitation of gluons,
in addition to the effective interactions they may have from the 5-D bulk. The strong
couplings between the 4th generation quarks and the first KK excitation of gluons arise
from their high localization in a common region of the 5th dimension, namely near the
TeV brane. The SM quark masses, which depend on the quark zero mode localization
profiles, are generated by the bulk four-fermion interactions involving two SM quarks and
two condensing 4th generation quarks.
In our first attempt, we freely explore the parameter space, and found that a moderate
hierarchy among the four-fermion bulk interaction coefficients is strictly necessary to re-
produce a realistic pattern for quark masses and mixings. This required hierarchy is clearly
an indication that non trivial features of the underlying physics in 5-D are necessary.
In order to study these features in a more systematic way, we proceeded to impose
restrictions to the bulk parameters by imposing a U(1) symmetry, under which the fermion
fields transform. This U(1) symmetry thus creates textures in the quark mass matrices.
This framework generates non-symmetric modified Fritzsch-like textures for the “up” and
“down” type SM quark matrices, and reproduces reasonably well the actual pattern of
quark masses and mixings in the SM. However, while the masses are reproduced quite
naturally, the generated CKM mixing in the model is very sensitive to the fine adjustment
of the localization profiles. In this sense, the model is not a good predictor for the actual
values of the CKM mixing matrix.
As a general conclusion, we found that, in a model that considers dynamical elec-
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troweak symmetry breaking triggered by quark condensation in warped 5-D spacetime, the
actual values of the SM quark masses and mixings are not well reproduced by purely con-
sidering localization of the field profiles along the 5th dimension. We show it is necessary
to consider details of the underlying physics in 5-D as well. This underlying physics is
manifested as coefficients of effective four-fermion operators, and the details are exhibited
as non-trivial patterns among these coefficients.
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